A new series of polyimide (PI)-fluorinated silicate nano-hybrid materials with low refractive indices were prepared by the sol-gel process based on the PI derived from 4,4' (hexafluoroisopropylidene) diphthalic anhydride (6FDA) and 4,4'diaminodicyclohexylmethane (DCHM). Triethoxy-1H,1H,2H,2H-tridecafluoro-n-octylsilane (13FTES) and tetraethoxysilane (TEOS) were employed to prepare the silicate precursors. Furthermore, 2-aminopropyl triethoxysilane (APrTEOS) was used as a coupling agent to improve the compatibility between the polymeric and inorganic domains of the nano-hybrid materials. The chemical structures of organo-silicate and hybrid materials were examined with solid state 29 Si-and 19 F-NMR and IR spectra. The thermal stability of PIs was not deteriolated with increasing the amount of TEOS, whereas it was sacrificed with the increase of 13FTES. The refractive indices of the hybrids can be controlled through the silica content, and low refractive indices were obtained for the prepared hybrid films. The PI/silicate nano-hybrid materials thus obtained are promising for high performance optical devices.
Introduction
Polyimides (PIs) are widely known to possess excellent properties and outstanding performance such as high thermal stability, good resistance to organic solvents, and thus they have been widely used in the fields of microelectronic devices, such as dielectric layers in multichip packaging and flexible printed circuits. Recently, lots of attentions have been paid to the optical properties of functional fluorinated PIs (FPI), in which the refractive index and optical transparency are key features in optical applications such as lens, optical waveguides, thin flexible waveplates and linear polarizers, and anti-reflective coatings [1] .
PIs with low refractive indices have a wide range of potential applications in the fields of optical fibers, waveguides, and anti-reflective coatings. Groh et al. [2] have estimated the lowest limit of the refractive index of organic polymers using the empirical refractive increment methods. The numerical investigation revealed that very low refractive polymers could be obtained by exclusively using the following structural elements: CF 3 , OCF 2 O, CF 2 , C(CF 3 ) 2 , CF(CF 3 ) 2 and CH(CF 3 ) 3 . The authors and researchers in NTT corp. investigated the variations in the average refractive indices (n av ) of fluorinated polyimides (FPIs), and the results showed that the n av of FPIs decreases linearly with increasing the fluorine content. [35] Recently, lots of attention have been paid to the organic/inorganic nano-hybrid systems, in which both of the advantage of organic and inorganic components are expected to be integrated. [6] Moreover, they usually demonstrate novel properties that conventional materials do not possess, leading to materials with improved properties for electronic, optical, and photonic applications. Meanwhile, PIs have been considered as suitable polymer matrices for preparing advanced nano-hybrids that have potential applications in the fields of microelectronics and aircraft industries due to their excellent physical properties. [7] In the nano-hybrid systems that have been reported, PI/silicate hybrid system has attracted particular interests. [8] However, most of the studies have been focusing on the mechanical and thermal properties, and only few studies have turned to such polymer/inorganic hybrid systems to decrease the refractive index of the resulting hybrid films, which is of vital importance for the optical and photonic applications.
In this study, a new series of PI/polymeric silicate nano-hybrids with low refractive indices were prepared by the sol-gel process with a fluorinated tetra-alkoxysilane and a coupling agent. Furthermore, the effects of coupling agent, the structure of inorganic domains in the hybrid materials, and the properties of the hybrids were discussed in detail. 4-4'Diaminodicyclo-hexylmethane (DCHM) was first dissolved in n-hexane for recrystallization and then sublimated at 100ºC under reduced pressure for further purification. N-N'-Dimethylacetoamide (DMAc, anhydrous, 99.8%) purchased from Aldrich was dried with molecular sieve prior to use. N,O-Bis(trimethylsilyl) trifluoroacetamide (BSTFA,99+%) purchased from Aldrich was directly used as received. Tetra ethoxysilane (TEOS), triethoxy-1H,1H,2H,2H-tri decafluoro-n-octylsilane (13FTES) and 2-amino propyl triethoxysilane (APrTEOS) purchased from Tokyo Kasei were directly used as received.
Experimental

Modified Silicate from TEOS and 13FTES
In this work, TEOS was used as a modifier of 13FTES to improve the compatibility with poly(amic acid)s and polyimides. Hence, we call hereafter the TEOS-modified 13FTES as "modified TEOS". To clarify the feasibility of the reaction between TEOS and 13FTES, fluorinated silicate gel was prepared from TEOS and 13FTES. The molar ratio between TEOS and 13FTES was kept as 3:1, and a 0.05N HCl solution was added to this system. The molar ratio of water and alkoxy groups was kept as 4:1. The solution was successively stirred at 60ºC for 4h and at 25ºC for 5h, and the resulting viscous solution was heated at 70ºC for 1 h, 150ºC for 1h and 220ºC for 1h to obtain a modified silicate.
Polyimide/Silicate Nanohybrid films
First, DCHM was added into a small glass bottle and dissolved in DMAc with stirring. After 5 min, BSTFA was slowly added into the solution and kept in ice bath. The molar ratio of BSTFA and DCHM was kept as 1.05 : 1. A paste-like solution was obtained after successive stirring for 30 min, and 6FDA was added into the solution and kept stirring for 3h. Then, APrTEOS were added by droplets into the solution. The molar ratio of 6FDA, DCHM and APrTEOS was kept as 5:4:2 to ensure the equal molar amounts of amino groups and anhydride groups in the main chain of poly(amic acid) (PAA). The solid concentration was fixed to 15 wt%. A transparent PAA solution was obtained after the solution was kept stirring for 5 h in ice bath.
Meanwhile, to obtain a silicate precursor solution, the mixture of TEOS, 13FTES and 0.05N HCl was kept stirring at 40ºC for 2h, and the solution was added into the above mentioned PAA solution and kept stirring for 24h to get a mixture of precursor solutions for PI/silicate hybrid films. Hybrid films were prepared through the spin-coating of solution onto Si substrates, dried at 70ºC for 1 h, and successive thermal imidization at 70ºC for 1 h, 150ºC for 1h and 220ºC for 1h under nitrogen flow. The chemical reactions for the preparation of hybrid films are shown in Figure 1 and a schematic diagram of the process is shown in Figure2. 
Measurements
Infrared absorption spectra (IR) were obtained with an AVATAR-320 FT-IR spectrometer. Thermogravimetric analysis (TGA) was performed with Spin-coating and curing at high temp. Fig.2 Scheme and procedure to prepare the precursor solution for PI/silica nanohybrid films and schematic structure of the main chains of the material.
R= -(CH 2 ) 2 (CF 2 ) 5 CF 3 ; R'= -H or -CH 2 CH 3 ; X=Q or T ser ies a Shimadzu TGA-50 analyzer in the temperature range from room temp up to 900ºC at a heating rate of 10ºC/min under nitrogen. Visible-near infrared optical transmission spectra were acquired with Hitachi U-3500 spectrophotometer.
Direct polarization (DP) solid state 19 F MAS NMR experiments were performed with a JEOL EX-300 spectrometer operating at a resonance frequency of 282.7 Hz. The sample rotor was spun at a rate of 17 kHz, and CFCl 3 was used as a reference of 19 
F chemical shifts (0 ppm). Solid state 29
Si cross polarization / magic angle spinning (CP/MAS) and dipolar decoupled / magic angle spinning (DD/MAS) NMR experiments were performed with a Bruker DSX-300 spectrometer operating at the resonance frequencies of 59.6 Hz for 29 Si. The sample rotor was spun at a rate of 16 kHz, and the contact time for polarization transfer was 2 msec. The repetition times for CP/MAS and DD/MAS were 5 sec and 10 sec, respectively. 29 Si chemical shifts were calibrated indirectly through the signal of poly(dimethyl siloxane) (33.6 ppm from TMS). The in-plane (n TE ) and out-of-plane (n TM ) refractive indices of PI films were measured with a prism coupler (Metricon, model PC-2010) equipped with half-waveplates in the light-path and He-Ne / semi-conductor laser sources. The in-plane / out-of-plane birefringence (n) was calculated as the difference between n TE and n TM . The average refractive index was calculated according to the equation: n av = [(2n TE 2 +n TM 2 )/3] 1/2 . All films were dried at 100ºC for 30 min under vacuum to remove the absorbed moisture.
Results and Discussion
Pristine 6FDA/DCHM PI films
Prior to the detailed study of nanohybrid films, pristine PAA and PI films of 6FDA-DCHM were characterized. Figure 3 shows the IR spectra of pristine PAA films cured at different temperatures, 70ºC, 150ºC, 180ºC, 200ºC, 250ºC and 300ºC respectively. The absorption peaks at 1727 cm -1 and 1620 cm -1 correspond to the C=O and CNH stretching in amic acid, respectively [8] . When the curing temperature arrived at 180ºC, three new peaks began to appear; peaks at 1774 cm , which can be assigned to the asymmetric stretching of C=O, the symmetric C=O stretching, and the C-N stretching in PI, respectively, and those peaks become stronger with the increase of curing temperature. It should be noted that, when films were cured at 220ºC, the characteristic peak for PAA at 1620 cm -1 almost disappeared, which indicates that the thermal imidization was completed at around 220ºC.
Silicate derived from TEOS and 13FTES
The gelation behavior of the silicon alkoxide components and the formed structures of silicate components prepared from the multifunctional silicon alkoxide precursors were identified by solid state NMR spectra. First, the samples derived from the hydrolysis and polycondensation reactions of TEOS and 13FTES were characterized.
Here, a modified form of 'Q' notation was adopted to include the multifunctional system of this experiment [12] . The modifications for silicon-based tetrahedral containing oxygen and organic 'R' groups (R represents fluorinated alkyl chain in this experiment) are as follows: 'Q' represents quaternary oxygen tetrahedral, Q=Si(O 1/2 ) 4 ; 'T' represents three oxygen group, one organic group terahedral, T= Si(O 1/2 ) 3 R. Figure 4 shows possible silicate structures formed through the sol-gel process in this experiment. Figure 5 demonstrates the 29 Si CP/MAS and DD/MAS NMR spectra of samples derived from the mixture of 13FTES and TEOS. In spectrum (a), the sample exhibits five peaks at 108.0, 99.4, 89.0, 66.9 and 56.0 ppm which can be assigned to Q 4 , Q 3 , Q 2 , T 3 , and T 2 structures, respectively [13] . The ratio of the integrated intensities for Q and T structures obtained from DD/MAS spectrum is in agreement with the molar ratio of TEOS and 13FTES (Fig.5 (b) ). Figure 6 shows the solid state 19 F MAS NMR spectrum of the silicate derived from 13FTES and TEOS and the liquid state 19 F spectrum of neat 13FTES. The signals of 13FTES can be readily assigned to each of fluorine as follows: : 117.17 ppm, : 123.91 ppm, : 122.49 ppm, : 123.41 ppm,  126.72 ppm according to the literature [14] . All the signals in the silicate spectrum are resonated at higher frequencies by 1.3~3.4 ppm than those of 13FTES, and no resonance from 13FTES and TEOS are observed. In addition, the peaks from and  were merged together in the silicate spectrum, which suggests that fluorinated alkyl chains have been successfully introduced into the silicate samples. They are expected to be homogeneously distributed in the hybrid films. Figure 7 illustrates the normalized IR spectra of the prepared thin films with different amounts of modified TEOS. A broad SiOSi band with gradually increased intensity is observed around 1000~1100 cm -1 , which indicates the successful hydrolysis and polycondensation reactions of TEOS and 13FTES [15] . The peak around 1200 cm -1 corresponds to the CF stretching, and its intensity also became stronger with the increasing amount of 13FTES, from which we could conclude that fluorinated alkyl chains have been introduced into the nano-hybrid thin films.
PI / TEOS-13FTES Nano-hybrid Films 3.3.1 Structural Analysis
To further analyses of the exact structures of silicate domains and the function of coupling agent (APrTEOS), solid state 29 Si DD/MAS of PI/silicate nano-hybrids was measured. The resonant peaks in Figure 8 can be assigned as follows: Q 4 : 108.3 ppm, Q 3 : 104.8 ppm. Q 2 : 100.8 ppm, T 3 : 67 ppm, T 2 : 59 ppm, T 1 : 56 ppm. Another prominent peak C appearing at 10.4 ppm can be assigned to the Si atoms in APrTEOS as shown below [16] :
The structure mentioned above proves that APrTEOS indeed functions as a coupling agent, which can improve the compatibility between silicate and polymer chains in the system. It should also be noted that the molar ratio of APrTEOS and 13FTES is in agree with the integrated intensities of peak C and T series in the 29 Si DD/MAS NMR spectrum of nano-hybrid films, and the low percentage of Q series might be caused by the sublimation of TEOS. Figure 9 shows the relationship between T d 5 (5% weight-loss temperature under nitrogen flow) and the contents of 13FTES in the nano-hybrid films. It is obvious that the T d 5 of the films decreases with increasing the amounts of 13FTES due to the thermally degradable ethyl and perfluoroalkyl moieties. The T d 5 of the sample with 11 wt% of 13FTES is about 351ºC. A similar phenomenon was also observed by Nakagawa et al., in which Figure 10 shows the thermal degradation behaviors of the PI/silicate nanohybrids with different amounts of modified TEOS (the contents of 13FTES were kept constant, 7 wt%). In contrast to the case with increasing 13FTES content, the TGA curves demonstrate that the thermal stability of the hybrid films was not deteriorated by increasing the amount of TEOS. In addition, the increase in residual weight above 700ºC suggests the successful incorporation of higher amounts of silica (SiO 2 ) into the nano-hybrid films that increases the ultimate thermal stability. This is also the advantage of the polymer/inorganic nano-hybrid materials. Figure 11 shows the UV-visible absorption spectra of hybrid films. The films are optically transparent when the contents of modified TEOS are less than 7.3 wt%. This can be attributed to the size of silicate particles which is significantly smaller than the wavelength of visible light so that scattering loss is minimized. In contrast, the hybrid films with modified TEOS higher than 7.3 wt% look opaque due to the larger silicate particles with increasing the precursor contents. As shown in the field emission (FE) SEM images (see Figure 12 ), the size of silicate particles is about 50~100 nm when the content of modified TEOS is 13.4 wt%. These particles may cause light scattering, which provides optically opaque films.
Thermal Properties
Optical Properties
The refractive indices of the hybrid films are listed in Table 1 and Figure 13 . The indices were measured at 632.8 nm, 845 nm and 1324 nm, and the plots in Fig.13 are fitted with the simplified Cauchy's formula; n  =n ∞ +D/  , where  is the wavelength, and D the dispersion coefficient. [18] The refractive index was successfully decreased by about 1.7 % (n av =1.4853 at 1324 nm) when the modified TEOS content is 13.4 wt%. It is wellknown that refractive index (n av ) is closely related to density () and molecular polarizability () of materials as follows (Lorentz-Lorenz equation): the molar mass of molecular, and V vdw the van der Waals volume of the repeating unit. /V stands for the polarizability per volume, which directly relates to the mobility of electrons. K p stands for the packing coefficient, which reflects of the degree of molecular packing. The decrease in reflective indices in hybrid films can be attributed to a decrease of /V by perfluoroalkyl moiety and to a low K p owing to the formation of three dimensional SiOSi networks in the hybrid films. [19, 20] In addition, it should be noted that the birefringence is also reduced by nano-hybridization with modified silicate, though the degrees of reduction are not proportional to the 13FTES contents. This should also be caused by the Si OSi networks which make the hybrid films more isotropic with lower degree of molecular orientation. The low birefringence is advantageous for waveguide and anti-reflective coating applications.
Conclusion
This study focused on the synthesis and characterization of a series of novel fluorinated PI/fluorinated silicate nano-hybrid films via the sol-gel reaction. The silicate structures and the function of APrTEOS as a coupling agent were characterized with FT-IR, solid state 29 Si and 19 F MAS NMR spectra. Silicate nano-particles with fluorinated alkyl chain has been successfully introduced into polyimide matrix by using a fluorinated tetra-alkoxysilane as a source material, and a series of low refractive thin films with high thermal stability, high transparency, and low birefringence were successfully obtained.
